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Evidence of a relationship between tumor production in-
duced by various organic (hydro)peroxides and free radical 
formation has been shown in cultured murine keratinocytes 
and human skin-tumor cell line. In the present study the 
bioactivation of cumene hydroperoxide, t-butyl-hydroper-
oxide, and benzoyl peroxide via one-electron oxidation or 
reduction was compared in freshly isolated and in cu ltured 
normal human keratinocytes. The formation of methyl free 
radicals during the metabolism of cumene and t-butyl-hy-
droperoxide was shown by the electron spin resonance-spin 
trapping technique. Radical formation increased under hy-
poxic conditions. An intracellular activation site was demon-
strated by the use of two spin-trapping agents, the hydro-
philic, membrane-impermeable, 3,5-dibromo-4-nitroso-
benzenesulfonic acid and the lipophilic, membrane-perme-
able a-(4-pyridyl-l-oxide)-N-t-butylnitrone. At 30 min in-
O rganic peroxides and hydro peroxides are widely used in the chemical and pharmaceutical industries and are skin irritants and tumor promoters [1,2]. Data in the literature suggest that the tumor-pro-moting activity is related to metabolic activation to 
free radicals [3,4]. The formation of free radical species in cultured 
murine keratinocytes and in cultured human carcinoma skin kerati-
nocytes following exposure to hydroperoxides [3,4] and benzoyl 
peroxide [Kensler TW, Egner PA, Swauger JE, Taffe.BJ, Zweier JL: 
Proceedings of the 79th Annual Meeting of AACR, New Orleans 
(LU) 29, P 150, no. 599, 1988 (abstr)] has been demonstrated. 
Modification of the enzymatic machinery may be observed in 
cultured cells and must be taken into consideration in ill vitro meta-
bolic studies. For instance, an important loss of native cytochrome 
P-450 has been reported in hepatocytes during the initial hours of 
culture [5]. Keratinocytes express a complete array of enzymes that 
are indispensable for xenobiotic metabolism, in particular, prosta-
glandin synthase [6], glutathione transferases [7J, thioredoxin re-
ductase [8], and various forms of cytochromes P-450 [9] . The modi-
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cubation and 25 mM concentration, hydroperoxides exhib-
ited cytotoxicity, as indicated by trypan blue exclusion and 
lactate dehydrogenase release assay; free radicals were concur-
rently trapped. Hydroperoxides at a lower concentration 
(1 mM) did not significantly affect cell viability. However, 
free radical production was still detected using a membrane-
permeable spin trap. The incubation of keratinocytes with 
benzoy I peroxide did not show any peroxide-dependent radi-
cal adduct. No significant differences in bioactivation capabil-
ity were demonstrated between freshly isolated and cultured 
human keratinocytes . The results indicate that cultured 
human keratinocytes can be used as a model system for the 
study of the metabolic activation to free radical intermediates 
of toxic and carcinogenic compounds in the epidermis. 
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fications associated with cu lture procedures, however, are 
unknown. 
In this study, the capacity of freshly isolated and cultured kerati-
nocytes from normal human skin to activate cumene hydroperoxide 
(cum-OOH), tert-butyl hydroperoxide (t-but-OOH), and benzoyl 
peroxide to a free radical intermediate was compared. Electron spin 
resonance (ESR) spectroscopy, coupled to the spin-trapping tech-
nique, was used to demonstrate and identify the free radicals. The 
spin-trapping technique [10,11] is a sensitive method developed for 
the detection of short-lived free radical species. Reactive radicals 
react with a nitrone- or nitroso-based diamagnetic compound, the 
spin trap, to form a less reactive free radical adduct. The spin adduct 
is a relatively stable free radical and is easily detected by ESR spec-
troscopy. 
The water so luble nitroso-aromatic spin trap, 3,5-dibromonitro-
sobenzene sulfonic acid (DBNBS) [12] , and the lipophilic a-( 4-pyr-
idyl-1-oxide)-N-t-butyl nitrone (POBN), known to permeate cell 
membranes [13], were used to evaluate free radicals produced by 
keratinocytes exposed to hydroperoxides. Hydroperoxide-induced 
cytotoxicity was evaluated by the trypan blue exclusion test and 
measurement of the extracellular leakage of lactate dehydrogenase 
(LDH), a cytosolic enzyme. The bioactivation and toxicity of these 
peroxidcs was also studied under hypoxic conditions. 
MATERIALS AND METHODS 
Chemicals The spin traps, POBN and DBNBS, were purchased 
from Sigma Chemical Co. (St. Louis, MO). Benzoyl peroxide, cu-
mene hydroperoxide, and tert-butyl hydroperoxide were obtaincd 
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from Aldrich Chi mica (Milano, Italy) . Dispase (Neutral protease 
grade II) was acquired from Boehringer-Mannheim, Mannheim, 
FRG, and trypsin from Biochrom KG, Berlin, FRG. All other che-
micals were of reagent grade; solutions were prepared in ultrapure 
water. 
Epidermal Cell Suspensions Epidermal cell suspensions were 
obtained from skin slices of 12 healthy donors (age 25 -40 years) 
undergoing plastic surgery (abdominoplasty). Skin slices were cut 
into 1 X 1 em pieces, and floated in dispase (5 mg/ml) for 60 min at 
37°C. Epidermis was separated from the dermis, incubated in 
0.25% trypsin for 15 min at 37 ° C, and then mechanically disaggre-
gated. Epidermal cell suspensions were washed twice in Hanks' 
balanced salt solution (HBSS), resuspended in the same medium at 
1.7 X 107/ml, and immediately used for ESR measurements or 
seeded in culture. 
Keratinocyte Cultures Epidermal cell suspensions were plated 
(2.5 X 104/cm2) on lethally irradiated 3T3-J2 cells (gift from Prof. 
Howard Green, Harvard Medical School, Boston) (2.4 X 104/cm2) 
and cultured in 5% CO2 humidified atmosphere in the keratinocyte 
growth medium: Dulbecco's modified Eagle'S medium and Ham's 
F12 media (3: 1 mixture) containing fetal calf serum (10%), insulin 
(5 mg/ml), transferrin (5 mg/ml), adenine (0.18 mM), hydrocorti-
sone (0.4 mg/ml), triiodothyronine (20 pM), cholera toxin 
(0.1 nM), epidermal growth factor (10 ng/ml), 4 mM glutamine, 
and penicillin/streptomycin (50 IV /m1) [14-16]. Confluent pri-
mary cultures were trypsinized with a mixture of trypsin (0.05%) 
ethylenediaminetetraacetic acid (EDTA) (0.02%). Cells were 
plated in secondary cultures at a density of 5 X 103 cells/cm2. In 
subconfluent secondary cultures residual 3T3 cells were detached 
with 0.02% EDTA, and keratinocytes were tcypsinized as above, 
washed twice in HBSS, and resuspended at 1.7 X 107/ m!. 
Toxicity Test 2.5 X 106 cultured keratinocytes per milliliter of 
HBSS medium were incubated for 30 min at 35 "C in a shaking 
water bath. The incubation mixture contained 0.2 mM desferrioxa-
mine methanesulfonate (Ciba-Geigy, Basel, Switzerland) and dif-
ferent concentrations of cum-OOH, t-but-OOH, or benzoyl 
peroxide. 
Anoxic conditions were obtained by flushing nitrogen into the 
flask containing the complete reaction mixture for 10 min prior to 
the 30-min incubation. Trypan blue exclusion test and extracellular 
LDH leakage were carried out on the incubation mixture. The 
percentage of cells excluding tcypan blue was determined in the 
Burker chamber with 0.2% tcypan blue. LDH activity was deter-
mined following Bergmeyer and Bernt [17J. LDH leakage (%) was 
calculated using 
LDHs 
LDH leakage = LDHs + LDHp X 100, 
where LDHs is the LDH activity (U /ml) in the supernatant of the 
incubated cell suspensions after centrifuging for 2 min at 200 X g, 
and LDHp is the LDH activity in the pellet from the same centrifu-
gation, in which cells were lysed by the addition of 0 .1 % Triton 
X-100. 
ESRMeasurements Epidermal cell suspensions or cultured kera-
tinocytes were incubated at 35°C for 30 min in the presence of one 
hydroperoxide (or benzoyl peroxide), 0.2 mM desferrioxamine 
methanesulfonate, and the spin-trapping agent (DB NBS 1 mM 
final concentration; POBN 10 mM). A Bruker 2000 ESR spec-
trometer, operating at 9.5 GHz, was used . The measurements were 
taken at 35 °C, using a standard flow dewar for temperature regula-
tion. The samples were placed into the ESR cavity in a 100-ml flat 
cell. The spectrometer settings for the samples containing the spin 
trap DBNBS were incident microwave power, 20 mW; modula-
tion amplitude, 0.5 gauss; time constant, 1 second; scan range, 80 
gauss; scan time, 500 seconds. Settings for samples with POBN 
were incident microwave power, 20 m W; modulation amplitude, 1 
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Figure 1. The ESR spectrum of DB NBS radical adducts formed after th\ 
incubation of different concentrations of cumene hydroperoxide (curn\ 
OOH) with normal human cultured keratinocytcs; desferrioxamine me~ 
ancsulfonate (0.2 roM) was always present in the incubation mix~ 
aJ Keratinocytes + 25 roM cumOOH + DBNBS. The signal is assigned 
the DB NBS-methyl radical adduct. b) Keratinocytes + 1 mM cum, 
OOH + DBNBS. cJ Keratinocytes + DENBS. d) Medium + DBNB 
Identical results were obtained after addition of t-butyl-hydroperoxidc ilI\ 
stead of cum-OOH. Analogous results were also seen in freshly isolar~ 
keratinocytes. The radical adduct denoted by the asterisks was observed bo~ 
in the presence or absence of any added hydroperoxide and likely origina~ 
through a non-radical pathway. This adduct was not observed in cell-fr~ 
medium. 
gauss; time constant, 0.5 seconds; scan range, 100 gauss; scan tim~ 
200 seconds. The measurements were carried out on cell suspen: 
sions or, to ascertain the location of the radical adduct, on pellet 
cells and on the external medium obtained after centrifugation ~ 
200 X g for 2 min. 
Statistical Analysis Data are expressed as means ± SO. Signi~\ 
cance was estimated by Student t test; the criterium for significan~ 
was p < 0.05 . 
RESULTS 
In a first series of experiments, freshly isolated or cultured keratiul\ 
cytes from eight different subjects were incubated with 0.2 rillIt 
desferrioxamine methanesulfonate, a high concentration (25 4 
of t-but-OOH or cum-OOH, and the spin-trapping agent DBNB 
A well-defined ESR spectrum was obtained in the presence of eith~ 
of cum-OOH or t-but-OOH (Fig 1a). Two radical adducts we~ 
detected. The first, characterized by hyperfine sp!ittings to a nitrl\, 
gen (aN = 1.43 mT), three equivalent methyl protons (aH':Hl '\ 
1.37 mT), and two meta-protons (aH.<u = 0.075 mT), was unarnbi 




Figure 2. The ESR spectra of the POBN radical adduct formed after the 
incubation of 1 mM t-butyl hydroperoxide (t-but-OOH) with normal 
human cultured keratinocytes under normoxic and hypoxic conditions. 
a) Keratinocytes + 1 mM t-but-OOH + POBN (normoxia). The radical 
adduct is assigned to the methyl radical adduct. b) Keratinocytes + 1 mM 
r-but-OOH + POBN (hypoxia). c) Keratinocytes + POBN. 
uously assigned to the methyl radical adduct. The second was 
observed in the absence of added hydroperoxides, with a hyperfine 
coupling constant of approximately 1.39 mT and an unresolved 
hyperfine splitting to a proton. The signal was weak, broad, and 
slightly anisotropic (i.e., the spectrum was broadened at the high 
field absorption) (Fig 1). No signal was detected in the medium 
containing the spin trap, desferrioxamine methanesulfonate and 
hydroperoxide, but without cells (Fig 1d). No difference was ob-
served in radical adduct yield between freshly isolated and cultured 
keratinocytes. Freshly isolated or cultured keratinocytes incubated 
with a lower concentration (1 mM) of either organic hydroperox-
ides and DB NBS did not give rise to a detectable methyl radical 
adduct, whereas the weak and anisotropic signal was still recorded 
(Fig Ib). 
The same experiments were carried out using the liposoluble 
POBN as spin-trapping agent. When freshly isolated or cultured 
keratinocytes were incubated with 1 mM of either hydroperoxides, 
a doublet of triplets with hyperfine coupling constants of aN = 
1.6 mT and aH = 0.29 mT was recorded (Fig 2a). The signal is 
assigned to a carbon-centered radical and, on the basis of published 
data, might be attributed to the methyl free radical spin adduct 
(13,18). 
It is important to note that desferrioxamine methanesulfonate 
was always added in the incubation mixture in all experiments be-
cause preliminary tests had shown that incubation of medium, hy-
droperoxide, and spin trap itself gives rise to the methyl radical 
adduct, whereas the addition of 0.2 mM desferrioxamine methane-
sulfonate prevents completely such non-enzymatic, probably trace-
iron- dependent, hydroperoxide break-down. 
To ascertain the formation site of the spin adduct, cultured kerati-
nocytes were separated by centrifugation from the external me-
dium, after being incubated in the presence of 25 rnM t-but-OOH 
100 
80 
* C 60 Q) 
II Q; 




Control 25 mM CU 1 mM CU 25 mM BU , mM BU 
Figure 3. Hydroperoxide-induced cytotoxicity. Cultured keratinocytes 
were incubated for 30 min at 35 ' C in the absence (control) or in the presence 
of different concentrations of cumene hydroperoxide (CU), t-butyl-hydro-
peroxide (BU) and then tryp:lll blue exclusion and lactate dehydrogenase 
(LOK) leakage assays were performed. The percent of cells excluding trypan 
blue (solid bars) and of LOH leakage (hatched bars) is shown. Results are 
expressed as average ± so (n = 4) .• Significantly different from control 
(Student t test for paired data, significance level p < 0.05). 
or cum-OOH and DB NBS. The methyl radical adduct was found 
in the extracellular medium; the weak and anisotropic signal was 
detected in both the cellular pellet and the extracellular medium. 
The correlation between free radical formation and hydroperox-
ide toxicity was investigated by the trypan blue exclusion test and 
the extracellular LDH assay. Cum-OOH at high concentration 
(25 mM) produced severe cell damage (Fig 3), demonstrated by the 
high leakage of LDH in the extracellular medium and the absence 
of trypan blue excluding cells accompanied by the presence of mas-
sive cellular debris . This would explain the detection of methyl 
radical adduct using DBNBS, which does not enter the cell (Fig la) 
[19]. A lower concentration of cum-OOH (1 mM) did not produce 
any evident damage after 30 min incubation (Fig 3). As mentioned 
above, the free radical adduct was detected only using the lipophilic 
POBN , which can cross the cell membrane (Fig 2a). DBNBS does 
not trap methyl free radical under these conditions (Fig 1b). 
T-but-OOH was less toxic than cum-OOH at 25 mM; cell viabil-
ity, as measured by the trypan blue exclusion test, was not modified, 
whereas the LDH assay demonstrated modest enzyme leakage (Fig 
3). In this case, under these conditions, the methyl radical adduct 
was still detected using the membrane impermeable DBNBS. 
The effect of hypoxia was tested by flowing nitrogen onto the 
incubation mixtures. Here, the methyl radical production was sig-
nificantly increased (Fig 2b and Table I), in agreement with data of 
higher increased toxicity observed under low oxygen tension [20] . 
The effect of spin traps and desferrioxamine methanesulfonate on 
cel l viability during the time-course of the experiments was 
checked, and no modification was found. The incubation of freshly 
isolated or cultured keratinocytes with benzoyl peroxide (4, 6, or 
8 mM) and DBNBS or POBN did not show any peroxide-depen-
dent radical adduct. Cell viability and LDH release test resulted 
unchanged under the conditions used (data not shown) . 
DISCUSSION 
Human ke~atinocytes a~tively l11e~abol~zed organic hydroper.oxides 
to free radlcal1l1termedlates and, III this respect, no significant dif-
ferences were found between freshly isolated and cultured keratino-
cytes. The free radical species trapped were exclusively carbon cen-
tered. 
Organic hydroperoxides are metabolized through two metabolic 
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Table I. Spin Trapping of Free Radicals in Cultured Normal 
Human Keratinocytes, Following the Exposure to Organic 
Hydroperoxides: Effect of Hypoxia" 
Experimental Conditions Normoxia Hypoxia 
25 mM cumOOH + 23.5 ± 7.9 (11) 70.2 ± 26' (5) 
1 mMDBNBS 
25 mM t-buOOH + 21.8 ± 9.4 (9) 93.2 ± 39' (5) 
1 mMDBNBS 
1 mMcumOOH+ 12.4 ± 2.11 (4) 43.5 ± 33b (3) 
10 mM POBN 
1 mM t-buOOH + 16.2 ± 4.6 (4) 35.5 ± 19 (4) 
10 mMPOBN 
• Data are expressed as mean ± SO (number of experiments), and represent the ESR 
signal intensities in arbitrary units. 
• p < 0.001 (Student t test). 
pathways: a two-electron (non-radical) reduction process mediated 
by glutathione peroxidases [21], and a one-electron oxidation (or 
reduction) process mediated by catalytically active metal ions (haem 
proteins, such as cytochromes P-450) [22,23]. The radical degrada-
tion of hydroperoxides gives, initially, oxygen-centered radicals 
(peroxyl or alkoxyl radicals); however, these species have not been 
trapped in this model system. Further fragmentation and rearrange-
ment reactions give carbon-centered radical species [24,25]; hence 
the trapping of a methyl radical undoubtedly indicates an ongoing 
one-electron - mediated hydroperoxide metabolism. 
A possible source of enzymatic bioactivation resides in the family 
of the cytochrome P-450 [24J, which is represented in the skin, 
where it shows an activity 1-12% of the corresponding liver values 
[26]. A second, NADH dependent, has been also described in the 
cytosol of murine keratinocytes [3J , and of rat liver cells [27], 
though this latter pathway has not been well characterized. 
The hydroperoxide radical fragmentation caused by adventitious 
iron was prevented by the addition of the iron-chelating agent des-
ferrioxamine methanesulfonate. Indeed the methyl radical adduct 
was also detected simply by mixing t-but-OOH and a spin trap in 
aqueous solution, while the addition of desferrioxamine methane-
sulfonate completely prevented it. 
In this study, we used the hydrophilic, membrane-impermeable 
DB NBS [19] as a spin-trapping agent, as it is able to trap short chain 
alkyl radicals with a high rate constant and specificity [28]. Further-
more, the resulting ESR spectrum allows an unambiguous identifi-
cation of the methyl radical trapped . 
The use of DBNBS implies that the radical adduct detected was 
formed in the extracellular compartment. This view is supported by 
the fact that, after exposition to 25 mM hydroperoxide, DB NBS 
methyl adduct is detected in the extracellular medium. The loss of 
cellu lar membrane integrity is a major and well described hydroper-
oxide effect [29] , confirmed in this paper by the trypan blue exclu-
sion test and the LDH leakage. We suggest that the observation of 
the DBNBS methyl-adduct under these conditions is related to 
severe membrane damage and cell rupture. 
When experiments were carried out with 1 mM hydroperoxide, 
no re levant modification of the cell viability resulted and extracel-
lular DBNBS did not trap hydroperoxide-dependent free radicals. 
The spin trap POBN, which is lipophilic and readily permeates the 
cell membrane, trapped under the same conditions a radical inter-
mediate. The ESR spectra of POBN radical adducts do not give a 
detailed information on the free radical species trapped. However, 
on the bas is of the published hyperfine splitting constants and the 
certain identification of the methyl radical trapped using DBNBS, it 
is reasonable to assume that the species trapped by POBN is also the 
methyl radical. 
A second radical adduct was also recorded when DBNBS was 
incubated with cells with or without any added hydroperoxides, 
probably the same adduct reported by Athar et al [4] . We think that 
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the adduct detection in the absence of any added hydroperoxide and 
the anisotropy of the spectrum indicates that the spectrum might 
arise via an "ene" reaction to membrane phospholipids. This reac-
tion, which is not mediated by free radical intermediates, gives nse 
to an hydroxylamine, which is consequently oxidized to nitroxide, 
as described for other nitroso spin-trapping agents [30]. 
The increased toxicity of organic hydroperoxides under low oxy-
gen tension has been reported in hepatocytes [20]. The same effect 
was observed in our model system. The significantly increased splU 
adduct indicates that the one-electron metabolic pathway and the 
ensuing increase in free radical metabolites is directly related to the 
increase in toxicity. 
Free radicals have been reported to be trapped in murine keratino-
cytes exposed to the benzoyl peroxide [Kensler TW, Egner PA, 
Swauger JE, Taffe BJ, Zweier JL: Proceedings of the 79th Annual 
Meeting of AACR, New Orleans (LU) 29, P 150, no. 599, 1988 
(abstr)]. In our hands no evidence of free radical generation was 
found in human keratinocytes, both freshly isolated and in culture, 
using DBNBS and POBN as spin-trapping agents. Benzoyl perox-
ide is a temperature-dependent free-radical- generating compound 
[2], though its temperature of activation is far beyond the physio-
logic temperature; we think that in the absence of a specific enzy-
matic bioactivation this compound will not give rise to free radical 
intermediates under the reported experimental conditions. 
In conclusion, experiments carried out under stringent conditions \ 
demonstrate that human keratinocytes metabolize organic hydro-
peroxides to a free radical intermediate, similarly to what has been 
observed in murine keratinocytes [3]. The toxic effect related to 
hydroperoxide concentration and the non-enzymatic metal-depen-
dent bioactivation have also been taken in account. Results with 
cultuFed human keratinocytes activity are comparable to those using 
freshly isolated ones, and the former model system can be propose.d 
for the study of the metabolic activation of toxic and carcinoge11lc 
compounds in the epidermis. 
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DONATE YOUR OLD BOOKS AND JOURNALS 
The American Academy of Dermatology'S Task Force to Provide Educational Materials to 
Developing Countries has a list of Dermatology Teaching Centers throughout the world that 
have no library or operational budget and would be most grateful for textbooks published 1970 
or after, journals published 1975 and after, clinical slides and histopathological slides (must be 
correctly labeled and categorized), old instruments and equipment. 
The donor must send the material at his/her own expense. Value of the material is estimated 
by a qualified librarian. Materials plus shipping costs are considered a donation to the Academy 
for your tax records. Donated materials are matched with the "want list" from a center in need. 
Precise instructions concerning packaging and shipping will be sent to the donor. 
Ifinterested, please send inventory, listing author, title, and date of publication for books. List 
Journals by name, volume number, date, whether bound or unbound, and whether complete or 
indicate what is missing. 
If you are reading this announcement in a country or area in need of such teaching materials, 
please write with full particulars detailing your needs and facilities. 
Your donation will be a valuable and cherished contribution to the welfare of millions of 
patients in developing and newly democratized countries. 
For further information, please contact Christopher L. Feucht, M.D., 610 West Spruce, 
Missoula, MT 59802. 
Please do 1I0t send materials to this address. You will receive instructions and the recipient's 
address when an appropriate match is made. 
